Abstract A series of Cu-Ni bimetallic catalysts were developed and used for glycerol hydrogenolysis to produce 1,2-propanediol in the absence of added hydrogen along with the isopropanol as hydrogen donor. The monometallic Cu catalyst can catalyze the dehydrogenation of isopropanol effectively, but the Cu species would be oxidized to Cu
Introduction
The excessive exploitation of fossil oil and gas brings about the energy depletion and environmental pollution, which greatly restrict human existence and economic development [1, 2] . In this context, biomass-derived resources are considered as renewable alternatives to obtain fuels and chemicals [3, 4] . In recent years, the rapid development of biodiesel production enriched the yield of glycerol and consequently reduced its market price. Wide investigations have been performed to convert glycerol to fuels and value-added chemicals. It is a resource-utilization efficient and biological technical process to employ glycerol hydrogenolysis for glycols (1,2-propanediol, ethylene glycol and 1,3-propanediol) generation [5, 6] . In published works, great valuable progresses have been made using noble metal catalysts (Pt, Ru, Rh, Pd, etc.) [7] [8] [9] [10] as well as non-noble metal catalysts (Cu, Ni, Co, etc.) [11] [12] [13] . However, all the reported processes were carried out with external added hydrogen, which had several drawbacks: (1) hydrogenolysis reaction must be performed at high hydrogen pressure and high temperature owing to the low solubility of hydrogen in aqueous or organic glycerol solutions; (2) molecular hydrogen was produced in energyintensive processes from fossil resources that raised the cost of equipment and transportation.
If the required hydrogen could be ''in situ'' generated in the active sites of the catalyst, the above problems caused by hydrogen accessibility would be solved. There were two different processes developed by researchers: aqueous phase reforming (APR) [14, 15] and catalytic transfer hydrogenation (CTH) [16, 17] . Of the two processes, CTH, in which hydrogen was transferred from a hydrogen donor molecule to an acceptor, avoided the carbon consuming via the reforming step and possessed more advantages and better application prospect. Musolino et al. [18] prepared a 10Pd/Fe 2 O 3 catalyst by coprecipitation and used for selective conversion of glycerol to 1,2-propanediol(1,2-PDO) via CTH along with ethanol and isopropanol (2-PO) as hydrogen donor. Under the conditions of 180°C and 0.5 MPa of inert atmosphere, glycerol conversion and 1,2-PDO selectivity reached 100 and 94 %, respectively. Gandarias [19] also found that CTH with formic acid was more efficient for the production of 1,2-PDO than in glycerol APR over Ni-Cu bimetallic catalyst under nitrogen pressure. Combined with a mechanistic study, they believed that hydrogen species come from dehydrogenation of formic acid and glycerol was converted to 1,2-PDO directly through intermediate alkoxide formation. Xia et al. [20] also prepared a Cu 0.4 /Mg 6.28 Al 1.32 O 8.26 catalyst by coprecipitation used for hydrogen-free synthesis of 1,2-PDO. They found that the enhanced basicity of catalysts and Cu active sites were the keys of the excellent catalytic performance.
In this work, a series of Cu-Ni/Al 2 O 3 bimetallic catalysts were prepared by coprecipitation to selectively convert glycerol into 1,2-PDO in the absence of externally added hydrogen. The influence of Cu/Ni mass ratio on the catalytic performance was investigated and the synergistic effect between the two kinds of metals was studied by catalyst characterization. We also explored the promotion effect of ZnO introduction on the structure, reduction, catalyst stability and catalytic performance. In the end, the reaction pathways were also discussed.
Experimental Catalyst preparation
All catalysts were prepared by the coprecipitation method. Typical synthesis for 1 g of 15Cu-15Ni/Al 2 O 3 catalyst was carried out as follows: 0.5703 g of Cu(NO 3 ) 2 Á3H 2 O, 0.7433 g Ni(NO 3 ) 2 Á6H 2 O and 7.3584 g Al(NO 3 ) 3 Á9H 2 O were dissolved into a 250 ml deionized water at room temperature under stirring. Then, 1.0 mol/l Na 2 CO 3 solution was added dropwise to the mixed solution until the pH of the final solution reached 8.5 ± 0.1. After stirring and aging for overnight at room temperature, the obtained precipitate was filtrated, washed with 250 ml deionized water each for ten times, air-dried at 110°C overnight, gently grounded by pestle and mortar and sieved to get the particles in the range of 40-60 mesh. Then, the catalyst was calcined in air at 550°C for 4 h. Before use, the sample was reduced in a flowing stream of hydrogen at a steady rate of 50 ml/min in a tube furnace at 500°C for 4 h.
Catalysts The X-ray diffraction patterns of the prepared catalysts were carried out on a Rigaku D/max-2550 diffractometer using Ni-filtered CuK a radiation (k = 0.15406 nm) at room temperature. The X-ray tube was operated at 40 kV, 100 mA and scanned from 10°to 80°. Identification of the crystalline phases was determined by checking JCPDS cards.
H 2 -TPR of the catalysts was carried out on a Micromeritics AutoChem II 2920 instrument. Before the TPR experiments, catalysts were pretreated in argon stream at 300°C for 60 min and then cooled to room temperature. The measurements were performed in a flow of 10 % volume fraction of H 2 in Ar mixture gas at a flow rate of 50 ml/min with a temperature ramp of 10°C/min. H 2 consumption was continuously monitored by a thermal conductivity detector.
SEM images were taken on a Nova NanoSEM 450 instrument. Samples were coated with platinum using sputter coating to avoid charging. Analysis was carried out at an accelerating voltage of 15 kV.
Activity testing
Glycerol hydrogenolysis reactions were performed in a 250 ml stainless steel autoclave equipped with a stirrer, an electric temperature controller and a sample port for liquid samples. Prior to the reaction, 100 ml of 10 wt% glycerol isopropanol solution and 1.0 g reduced catalysts were loaded into the reactor and the autoclave was purged with nitrogen to remove air for five times. Then, the autoclave was pressurized with N 2 to 1.0 MPa and heated to the required temperature. The rotation rate of the stirrer was set constant at 500 rpm throughout the reaction. After reaction, the reactor was cooled down to room temperature. The gas products were collected by a gas bag and analyzed by gas chromatograph (GC-900C, shanghai) equipped with a 3 m TDX-01 stainless column and thermal conductivity detector. Liquid products were filtered to remove the solid catalyst powder and charged into a 10 ml glass vial and analyzed by a gas chromatograph (GC-900C, Shanghai) equipped with a flame ionization detector. A HP-INNO-WAX column (30 m 9 0.32 mm 9 0.25 lm) was equipped to separate all components.
All products detected in the liquid were identified by a gas chromatography and mass spectrometry system (GC-MS, Agilent 6890) and quantified via an internal standard method and n-butanol was used as the internal standard. Conversion of glycerol was calculated as the mass ratio of the consumed glycerol in the reaction to the initial added glycerol. The selectivity was calculated based on the amount of products detected to be formed per the amount of glycerol actually reacted. For example, if one mole of glycerol was converted into one mole ethylene glycol and one mole of methane, the selectivity of ethylene glycol and methane was calculated as 66.7 and 33.3 %, respectively.
Results and discussion

Physicochemical properties
As summarized in Table 1 , the specific surface areas, pore volumes and average pore diameters of Cu-Ni/Al 2 O 3 bimetallic catalysts were presented. The BET surface areas of the 30Cu/Al 2 O 3 and 30Ni/Al 2 O 3 before reaction were 239.5 and 177.2 m 2 /g, respectively. The introduction of Ni can remarkably increase the surface area of monometallic Cu/Al 2 O 3 sample even though the dosage of nickel accounted for as little as 5 wt%. At the same time, the pore volumes and pore diameters declined significantly because of Ni addition. This implied that Ni species effectively improved the dispersion of 30Cu/Al 2 O 3 . The promoted pores of Cu-Ni/Al 2 O 3 bimetallic catalysts were inclined to be smaller and more homogeneous. Moreover, the results also showed that the addition of ZnO to the 15Cu-15Ni/ Al 2 O 3 catalyst changed the texture structure appreciably. The BET surface area and pore volume of 15Cu-15Ni/ 40ZnO-Al 2 O 3 were 187.1 m 2 /g and 0.37 cm 3 /g, respectively. This was attributed to the ZnO material itself having low surface area and small pore volume, which resulted in blockage of part of the small pores. Compared with the used samples, all the surface areas and pore volumes decreased to varying degrees. This phenomenon might be due to the attrition of catalysts. Figure 1 shows the XRD patterns of the Cu-Ni bimetallic catalysts reduced at 500°C for 4 h. The diffraction peaks of c-Al 2 O 3 located at 2h = 37.6°, 45.9°a nd 67.0°were distinct even for catalysts with high content of Cu and Ni in the catalysts. The 30Cu/c-Al 2 O 3 monometallic catalyst exhibited characteristic peaks for metallic Cu at 2h = 43.3°, 50.4°and 74.1°. The high intensity peak observed at the 2h value of 43.3°was indexed to Cu(111). In the case of 30Ni/c-Al 2 O 3 monometallic catalyst, diffraction peaks at 2h = 44.5°, 51.8°and 76.4°attributed to (111), (200) and (220) planes of Ni could be observed. As shown in Fig. 1 for all bimetallic samples, metallic phases of Cu, Ni and c-Al 2 O 3 were detected except for the differences of diffraction intensity. Gandarias et al. [21] believed that the formation of the Ni-Cu alloy took place during the reduction, which was located at 2h = 43.5°and 50.8°. It was the bimetallic synergic effect between copper and nickel that promoted its catalytic performance. XRD patterns of the used Cu-Ni bimetallic catalysts are shown in Fig. 2 . The diffraction peaks of 30Ni/c-Al 2 O 3 at 2h = 44.5°, 51.8°and 76.4°remained almost unchanged. However, the Cu 2 O species emerged at 2h = 36.5°and 61.3°for the used catalysts containing Cu component. This implied that the Cu metal species at 30Cu/c-Al 2 O 3 was oxidized into lower valence state of Cu ? species during reaction. With the increase of Ni content, the peaks of Cu 2 O disappeared gradually when the Cu/Ni mass ratio reached 15:15. On the one hand, it was proposed that the formation of Cu-Ni species (might be alloy) changed the electrical property of Cu atom so as to inhibit the oxidation of Cu. On the other hand, the phase transformation of species could result in catalyst deactivation, which would be solved effectively by Ni incorporation as indicated in the activity evaluation (shown in Table 2 ). Figure 3 presents the patterns of 15Cu-15Ni/Al 2 O 3 catalysts promoted by different ZnO amount from 0wt % to 100wt %. According to the results of XRD, diffraction peaks referring to ZnO were not detected but peaks of ZnAl 2 O 4 phase appeared obviously at 2h = 31.2°, 36.8°, 44.8°, 55.7°, 59.3°, 65.2°and 77.3°. These peaks were also attributed to CuAl 2 O 4 species. The absence of Cu and Ni peaks suggested that the metal particles were highly dispersed into the Al 2 O 3 support so that it was beyond the detection limit of XRD [9] . Furthermore, ZnO introduction increased Lewis acidity of catalysts which was responsible for the synergistic effect between ZnO and 15Cu-15Ni/ Al 2 O 3 catalyst and enhanced the conversion of glycerol and selectivity of 1,2-PDO [22] .
The reduction behavior of the Cu-Ni/Al 2 O 3 catalysts was investigated by H 2 -TPR and the results are shown in Fig. 4 . The broad peak in the range of 600-800°C corresponded to reduction of NiO species in intimate contact with Al 2 O 3 support. The peak beyond 800°C due to NiAl 2 O 4 was not shown [23] . For the 30Cu/Al 2 O 3 catalyst, the former peak in the range of 200-250°C was attributed to highly dispersed CuO species and bulk CuO species started to be reduced at a temperature of around 270°C [24] . However, the two reduction peaks were combined into one located at around 220°C because of Ni introduction even though the amount was no more than 5wt %. With the increase of Ni content, the reduction peak shifted into higher temperature zone which was possibly attributed to the formation of Cu-Ni species. The XRD patterns also indicated the existence of Ni-Cu alloy. Figure 5 shows H 2 -TPR results of 15Ni-15Cu/Al 2 O 3 catalysts promoted by different amount of ZnO. Without ZnO addition, the 15Ni-15Cu/Al 2 O 3 catalyst exhibited only one reduction peak at 220°C. As the ZnO loading increased, the peak moved downward to the lower temperature area and it was divided into two peaks until the ZnO content was more than 40wt %. This showed that ZnO could modify the interaction between metal oxides (CuO and NiO) and the support and favored the reduction of oxides. Besides, the introduction of ZnO enhanced the acidity on the catalyst surface, which was believed inclined to promote the dehydration of glycerol molecule and influence the reaction pathways. Figure 6 shows the SEM images of fresh and spent catalysts. As can be seen, 15Ni-15Cu/Al 2 O 3 catalyst suffered from sintering after use, and no visible carbon deposition and whisker were observed. The sintering would make the pore structure collapse and bring about low surface area as shown in Table 1 . All these results maybe account for the decrease of catalyst activity. In contrast, the morphology of 15Ni-15Cu/40ZnO-Al 2 O 3 catalyst remained stable by comparing the fresh and spent catalyst. And it also indicated that there was no carbon whisker formation.
Catalytic performance of Cu-Ni/Al 2 O 3 bimetallic catalysts and ZnO-promoted catalysts Conversion and selectivity data relative to the glycerol hydrogenolysis in the absence of added hydrogen over Cu-Ni/Al 2 O 3 bimetallic catalysts with different Cu/Ni mass ratio are shown in Table 2 . Among all the tested catalysts, the highest conversion was achieved over 30Ni/ Al 2 O 3 catalyst (77.0 %). In contrast, the 30Cu/Al 2 O 3 catalyst exhibited the lowest activity for glycerol conversion (63.3 %). At the same time, the selectivity of intermediate acetol decreased along with the increasement of Ni content. This implied that the Cu species favored the dehydration of glycerol molecule but the ability was deficient in hydrogenation of acetol compared with Ni species. However, Ni provided comparatively high activity in the C-C bond cleavage, so as to result in higher selectivity of C-C bond cleavage product such as EG and C1. In summary, the glycerol conversion and selectivity of 1,2-PDO over 15Cu-15Ni/Al 2 O 3 reached 76.1 and 82.8 %, respectively, which was considered as the optimized catalyst. Table 3 presents the catalytic performance of 15Ni-15Cu/Al 2 O 3 catalysts modified by different ZnO dosage. When 40wt % of ZnO was added into 15Ni-15Cu/Al 2 O 3 catalyst, the glycerol conversion increased significantly from 76.1 to 82.0 %, with 86.7 % selectivity of 1,2-PDO. But as for higher concentration of ZnO-doped catalysts (60, 80 and 100 wt %), the catalysts exhibited declined activity. The lower activity may be attributed to coverage of active sites by ZnO and the blockage of pore structure. Moreover, the significant increase of selectivity of acetol was observed from all the ZnO-promoted catalysts. It was also reported by Hu that the introduction of ZnO to NiMo catalyst promoted the dehydration of glycerol to acetol and the hydrogenation of acetol to 1,2-PDO [28] . Figure 7 shows the time course of glycerol hydrogenolysis in the absence of added hydrogen over 15Ni-15Cu/ 40ZnO-Al 2 O 3 catalyst at 220°C and 1.0 MPa N 2 atmosphere. The conversion of glycerol increased quickly to 76.1 % in the first 8 h, and then increased smoothly to Recycling of the 15Ni-15Cu/40ZnO-Al 2 O 3 catalyst was performed after washing with isopropanol in situ for several times. From Fig. 8 , the used catalysts exhibited a slightly lower conversion. A gradual but minor decrease both in conversion and selectivity of 1,2-PDO could be observed, probably due to sintering, catalyst attrition and leaching of the active components. However, the glycerol conversion and 1,2-PDO selectivity of the fifth cycle still remained 73 and 79 %, respectively. In other words, the 15Ni-15Cu/40ZnO-Al 2 O 3 catalyst showed a good potential for practical applicability.
In fact, there exists a competition of cleavage between the C-O and C-C bond. It is known that the selected support materials, types of metal and solvents greatly affect the reaction pathways and subsequent products distribution. Many reports proposed and confirmed that glycerol hydrogenolysis was conducted by ''dehydration ? hydrogenation'' mechanism [25, 26] . Glycerol was first dehydrated to acetol over the acidic support and then acetol was hydrogenated into 1,2-PDO in the presence of metal catalyst.
When the CTH process was conducted under inert atmosphere, active hydrogen atoms formed from isopropanol can be transferred to an acceptor, or combined to produce H 2 . As shown in Fig. 9 , at first, the isopropanol was adsorbed on the Cu species and the O-H bond was dissociated to active hydrogen atoms. At the same time, isopropanol was converted into acetone which was detected by GC. Then, the oxygen on terminal OH groups of glycerol was adsorbed on Cu metal, then the dehydration into acetol occurred at the acidic sites of the alumina support. In the absence of Ni, small amount of 1,2-PDO was produced because Cu possessed a weaker hydrogenation ability. The hydrides adsorbed on the metal attacked acetol molecule and converted it into 1,2-PDO. In general, Ni is active in the hydrogenolysis of glycerol both for C-C and C-O bonds cleavage to a similar extent. When Cu was introduced into the catalysts together with Ni, the selectivity to EG significantly decreased (see Table 2 ). Above XRD results confirmed the formation of Ni-Cu alloy in the bimetallic Cu-Ni/Al 2 O 3 catalyst. It was also proved by Gandarias et al. [27, 28] that the formation of a Ni-Cu alloy reduces Ni ensemble size and the C-C hydrogenolysis activity. It was also reported that the incorporation of ZnO improved the dispersion of metal particles and reduced the particle size, which provided more active metal sites for the acetol hydrogenation. Moreover, the presence of ZnO supplied more acid sites for the dehydration of glycerol and prevented the sintering of catalyst.
Conclusion
The experimental results indicated that Cu-Ni/Al 2 O 3 bimetallic catalysts prepared by coprecipitation method were suitable catalysts for glycerol conversion into 1,2-PDO in the absence of added hydrogen. The optimized mass ratio of Cu/Ni was 15:15, and the addition of ZnO into 15Cu-15Ni/Al 2 O 3 could improve its catalytic performance and suppress the formation of C-C cleavage product. The best performance of 15Cu-15Ni/40ZnO-Al 2 O 3 catalyst exhibited the glycerol conversion of 82.0 % and 1,2-PDO selectivity of 86.7 %, respectively. XRD revealed that the introduction of Ni into Cu monometallic catalyst suppressed the oxidation of Cu into Cu 2 O species and promoted the formation of Ni-Cu alloy. H 2 -TPR suggested that the addition of ZnO decreased the reduction temperature of Cu-Ni/Al 2 O 3 catalyst and was beneficial to improvement of 1,2-PDO selectivity due to the enhanced surface acidity. In the end, ZnO doping was demonstrated to prevent the sintering phenomenon and thus enhanced its activity over 15Cu-15Ni/Al 2 O 3 .
